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Abstract. During the rise to the maximum phase of solar cycle 23, several
periods of extreme solar wind conditions have occurred. During such an
example on 4 May 1998, the solar wind monitors observed a period of
strong southward interplanetary magnetic �eld (IMF) accompanied by a solar
wind dynamic pressure that was 30 times higher than average. During this
period, the POLAR spacecraft crossed the magnetopause and bow shock
and experienced its �rst solar wind encounter. This case provides a rare
opportunity to study the magnetopause, low-latitude boundary layer (LLBL),
magnetosheath, and bow shock and to test our ability to model the dynamic
behavior of these boundary regions under extreme and highly variable solar
wind conditions. In this study, we use the gas dynamic convected �eld model
(GDCF) to predict the time-dependent magnetic �eld and plasma properties
upstream from the magnetopause and the location of the POLAR spacecraft
relative to the magnetopause and bow shock during the event.

1. Abstract - continued

To test the accuracy of the prediction, model mag-
netic �eld characteristics are compared to the �elds ob-
served along the satellite track by the magnetometer
on POLAR. The predicted model plasma characteris-
tics (density, velocity and temperature) are compared
to moments derived from TIDE observations, extrap-

olated to account for the higher energy portion of the
magnetosheath distributions. Where ambiguities occur
in identifying the satellite location, plasma distribution
functions from two additional ion detectors (TIMAS
and HYDRA) are used to resolve the observed loca-
tion of POLAR relative to the boundaries. With this
procedure, carried out separately for ACE and WIND
and for two di�erent magnetopause models, observed
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features at POLAR can be traced back to drivers in the
solar wind, providing a unique opportunity to assess the
evolution of the solar wind and its predictability from
the solar wind monitors to the magnetopause. When
the POLAR apogee drifts to low latitudes in the fu-
ture, it will provide more and more observations in this
region. Therefore, what we learn from this case can be
indicative of what we will see in the future in POLAR
operations. The high level correlation between the pre-
dictions and in situ measurements indicates that the
solar wind monitors often provide adequate and useful
solar wind conditions near the earth. The tests indi-
cate that in this event, the vacuum dipole �eld mag-
netosphere model predicts a signi�cantly larger mag-
netosphere than observed. While the empirical mag-
netopause model predictions are more consistent with
the observations, they over-predict the response of the
magnetosphere to transient southward turnings of the
IMF; indicating that the magnetosphere does not re-
spond to the southward IMF turnings on small time
scales. Sometimes, there are signi�cant di�erences at
relatively small time scales between the measurements
from the two solar wind monitors. It is possible for the
solar wind conditions near the earth to be di�erent from
the measurements made by at least one of the solar wind
monitors. Cautions should be taken when interpreting
near earth observations if the observations are inconsis-
tent at small time scales with the predictions based on
one solar wind monitor.

2. Introduction

On May 4, 1998, large disturbances occurred in the
solar wind. The solar wind dynamic pressure reached
as high as 60 nPa, 30 times higher than that of the av-
erage solar wind. Furthermore, there were extended
periods of strong southward interplanetary magnetic
�eld (IMF). During this event, the magnetopause ex-
perienced the largest erosion on record [Russell et al.,
2000]. POLAR experienced its �rst dayside low-latitude
magnetopause crossings, bow shock crossings and en-
counters with the solar wind. There were two solar
wind monitors available during the event which provide
solar wind measurements at two di�erent upstream lo-
cations. In this study, we combine the information ob-
tained from POLAR and the two solar wind monitors
with the knowledge we accumulated about the mag-
netopause and magnetosheath over the past few years.
The purpose of this study is three fold. First, we use
this rare occasion to verify the sheath model that has
been developed recently [Spreiter and Stahara, 1980;
Song et al., 1999a, b]. Second, we verify magnetopause

models [Spreiter and Stahara, 1980; Shue et al., 1998]
under large amplitude variations. In particular, we ex-
amine the dependence on north-south component (BZ)
of the IMF in the models. Last, we provide a refer-
ence location of POLAR and examine the correlation
of the upstream variations with POLAR observations
for other studies of this event.

To determine the location of POLAR with respect
to the magnetospheric boundaries, there are a few chal-
lenges. The �rst is to determine the location of the
magnetopause which moves with the changes in the
upstream conditions. During the event, very large-
amplitude, short-time scale changes in the upstream
solar wind were observed. When the magnetopause
moved very fast over large distances in response to these
rapid large-amplitude variations, POLAR changed its
location relative to the magnetopause quickly, even
though the satellite moved slowly in space. The satel-
lite might sample very di�erent regions in space in a
very short-time period. Second, similar to the magne-
topause, the bow shock also moved back and forward
rapidly. Its location depends on the location of the
magnetopause and solar wind Mach number. Third,
the travel times to POLAR of the solar wind features,
observed by the two solar wind monitors, may vary dur-
ing periods when the solar wind changed its speed and
direction and when the solar wind features evolved and
changed their orientation.

Solar wind measurements from both WIND [Ogilvie
and Parks , 1996] and ACE [McComas et al., 1998;
Smith et al., 1998] provide the basis for determining
the location of the magnetopause. We then employ
the gas dynamic convected �eld (GDCF) model [Spre-
iter and Stahara, 1980] to calculate the location of the
bow shock and the �eld and plasma parameters in the
magnetosheath. We extract the model values of the
magnetosheath parameters along the POLAR satellite
trajectory and compare them with the POLAR obser-
vations. This scheme takes into account most of the
dynamic processes that have time scales longer than
the magnetosheath wave transient time, which is of the
order of one minute. In the model predictions, the so-
lar wind arrival time changes as the solar wind velocity
changes, and the magnetopause and bow shock loca-
tions vary as the upstream conditions change. These
three e�ects are handled in a systematic manner. The
dynamics that is not included in the scheme involves
waves with time scales of the order of the Alfven tran-
sient time, such as wave re
ections at the bow shock,
and the magnetopause and in the magnetosphere, and
quasi-steady state wave fronts of non-fast modes [Song
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Figure 1. Comparison of the shapes of the magnetopause with gas dynamics form of cos2  (think line) and Shue

et al. [1998] (thin lines of various styles). The gas dynamic form corresponds to the Shue et al. [1998] model with
� = 0:65 on the dayside.

et al., 1999a, b]. We assume that the magnetosphere
responds in unison instantaneously to every solar wind
variation as it hits the magnetopause. Details of the
justi�cation of the method and the physical implica-
tions associated with the assumptions employed in the
method can be found in Song et al. [1999a, b].

In addition to the tests made in Song et al. [1999a, b],
we further examine the e�ects of di�erent magnetopause
models. In the standard GDCF model, the magne-
topause stando� distance is determined by the balance
between the solar wind dynamic pressure and a vac-
uum magnetospheric dipole �eld. The stando� distance
drops roughly with a -1/6 power law dependence on the
solar wind dynamic pressure. Based on large databases
of magnetopause crossings, several quantitative predic-
tive empirical magnetopause models have been devel-
oped in recent years [Roelof and Sibeck , 1993; Petrinec
and Russell , 1996; Shue et al., 1998; Kuznetsov and Su-

vorova, 1998]. Some of the empirical models cannot be
used under extreme solar wind conditions and others
have been tested extensively [Shue et al., 2000].

In this study we test the Shue et al. [1998] model
because of its simplicity in mathematical forms and de-
sirable behavior under extreme solar wind conditions
[Shue et al., 2000]. The stando� distance in the Shue

et al. [1998] model depends on both the solar wind
dynamic pressure and the north-south component of
the IMF. The solar wind dynamic pressure e�ect which
shows a power law -1/6.6 dependence may partially re-


ect the e�ects of the ring current. The IMF BZ depen-
dence re
ects the e�ects of reconnection at the magne-
topause and to some extent the e�ects of �eld-aligned
currents. The shape of the magnetopause in the Shue

et al. [1998] model is speci�ed by a functional form of
(1 + cos �)�� where � is the solar zenith angle and � is
a function of solar wind pressure and IMF BZ . How-
ever, the shape of the magnetopause used in the GDCF
model has a form of cos2  , where  is the angle be-
tween the solar wind direction and the normal to the
magnetopause surface. This form is based on the gas
dynamic semi-empirical expression for a supersonic 
ow
[Spreiter and Stahara, 1980] (see more detailed discus-
sion by Petrinec and Russell [1995]). In this study, we
test two di�erent stando�-distance models, one derived
from the dipole �eld model and the other from the Shue
et al. [1998] model while using the shape of the mag-
netopause built in the GDCF model. The di�erence in
the shape between the GDCF and Shue et al. models
is shown in Figure 1. In a very large spatial region, the
shape derived from the GDCF model is similar to that
from Shue et al. [1998] with � being equal to 0.6. It
is not a coincidence that the average value of � in the
database of Shue et al. [1998] is near 0.6: the dayside
magnetosphere does act like an aerodynamical obstacle
to a supersonic 
ow. For the event studied in this work,
the solar zenith angle is within 45Æ.

Figure 2 shows the solar wind measurements from
ACE (solid lines) and WIND (dashed lines) during the
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period in which we are interested. The solar wind was
fast, nearly double its average speed. The solar wind
was denser than normal conditions. Furthermore, there
were a few very strong density enhancements, which led
to enhancements in the solar wind dynamic pressure to
more than 8 times higher. During the interval, the IMF
was stronger than usual and the z component 
uctuated
on about a 20-min time scale. ACE was at (227, -32,
-17)RE GSE and WIND was at (214, 7, 27)RE GSE.
Although the two satellites were separated by less than
50 RE across the sun-earth line, there are signi�cant
di�erences in the timings of some features. Further-
more some features appeared quite di�erent at the two
locations. For example, near 0640 UT, as highlighted
by a horizontal bar, the scales of the feature shown in
BZ are quite di�erent. These di�erences will create
distinct di�erences in the predictions which are use-
ful when evaluating the performance of the predictions.
Notice that ACE was closer to the stagnation streamline
than WIND when including the Earth's orbital motion.
As will be seen in the results, the features observed by
POLAR are more likely to be those recorded by ACE
during the interval that we present in this study.

3. Prediction of Magnetosheath

Quantities

Figure 3 compares the POLAR observations (solid
lines) with the GDCF model predictions (dashed lines)
using the WIND solar wind data and the vacuum dipole
�eld model to set the stando� distance. Let us �rst ex-
amine the observations. The plasma moments are taken
from the Thermal Ion Dynamic Experiment (TIDE)
[Moore et al., 1995]. TIDE was designed to provide
three-dimensional ion measurements from 0 to 500 eV.
The instrument was under a complicated operational
mode during the event. It combined all signals in the
elevation directions into a single record. Therefore, the
measurements are equivalent to those from a wide an-
gle two-dimensional detector scanning the spin plane.
This plane was close to the meridian plane near 1036-
2236 local time. The component in the equatorial plane
pointing to dayside is referred to as V1. The component
perpendicular to the equatorial plane and pointing to
north is referred to as V2. The e�ective energy range of
TIDE covers only the low energy portion of the mag-
netosheath population. We have however developed a
method to extrapolate the missing population and es-
timate the true moments. The details of the method
will be discussed in the next section. The large neg-
ative values in V2 and other anomolous readings dur-
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Figure 2. Solar wind/IMF measurements by WIND
(dashed lines) and ACE (solid lines). The quantities
shown from the top are ion number density in cm�3,
ion temperature in K degrees, ion velocity in km/s, and
the three components in GSE and the magnitude of
the magnetic �eld. Highlighted by a horizontal bar is
a period when the two monitors measured an opposite
BZ .

ing these intervals result from the instrument response
to unshocked solar wind (which it was not designed to
measure). We have kept these values because they mark
intervals of solar wind encounters by POLAR, although
they should not be interpreted quantitatively. The mag-
netic �eld was measured by the POLAR Magnetic Field
Experiment (MFE) [Russell et al., 1995].

Before 0530 UT, POLAR was clearly in the magne-
tosphere, and this period provides the reference magne-
tospheric �eld direction. Near 0945 UT, POLAR moved
into the solar wind brie
y as indicated by the sudden
drop in the density, temperature and �eld strength. The
temperature dips near 0740 UT and near 0920 UT were
also associated with pairs of bow shock crossings as dis-
cussed by Russell et al. [2000]. These bow shock cross-
ings are highlighted by arrowheads in panel seven. It
is diÆcult to identify the location of the satellite for
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Figure 3. Comparison of POLAR measurements (solid
lines) and the model predictions (dashed lines). From
the top are the ion density, two components of the veloc-
ity in the spin plane of POLAR, three components, in
GSE, and magnitude of the magnetic �eld, and the tem-
perature. The POLAR density, velocity and tempera-
ture are based on TIDE measurements and are derived
using the method discussed in section 3. The model pre-
dictions are based on WIND solar wind measurements
and a vacuum dipole magnetosphere. The solar wind
arrival time is same as the convection time from WIND
to the Earth, the magnetosphere is reduced by 13 %,
and the solar wind temperature has not been adjusted.
Question marks indicate the periods when the identi-
�cation is diÆcult using the magnetic �eld alone. Ar-
rowheads indicate when bow shock crossings occurred.

some periods of strong positive BZ , because the large
BZ may indicate possible magnetospheric �eld encoun-
ters, but may also be due to northward IMF intervals.
Based on the magnetic �eld alone, it is relatively cer-
tain that POLAR was in the magnetosphere during the
period from 0615 to 0640 UT. However it is challenging
to identify the location of the satellite during the in-
tervals of 0600-0610 UT and 0705-0715 UT, as marked
by question marks, because the magnetic �eld in both

intervals varied in a manner consistent with the magne-
tospheric �eld direction while the high-frequency 
uctu-
ations seem to belong to the magnetosheath. One of the
purposes of this investigation is to determine the loca-
tion of the satellite during these and other intervals from
GDCF model predictions and particle observations.

We compare predictions of the GDCF model using
each of the solar wind monitors and the two magne-
topause models. For each case, we make many runs
adjusting three parameters for a best overall �t. The
three adjustable parameters are a time shift added to
the simple convection time, a scale factor multiplying
the stando� distance of the magnetopause in order for
the predicted magnetopause location to be consistent
with the observed crossing, and a scale factor multiply-
ing the solar wind temperature. The temperature fac-
tor will a�ect the solar wind Mach number and hence
the thickness of the magnetosheath. It is adjusted to
match the bow shock location with the observed bow
shock crossings. Detailed discussion and justi�cation
for the three parameters can be found in Song et al.

[1999a, b]. For this study, they can be simply consid-
ered as calibration factors to produce the best agree-
ment between the model prediction and reality. With
these 3 adjustable quantities, the physics of the GDCF
model provides the basis for the remaining predictions.
By testing the model predictions against a large number
of events, we can validate its usefulness and the range
of the calibration factors. This event tests the model
under extremely strong and perturbed solar wind con-
ditions.

Since we have two solar wind monitors and two
magnetopause models, there are four possible predic-
tion models. In the following presentation we choose
to present the models in the order of improved �t to
the observed magnetic �elds. The poorest �t is shown
in Figure 3 which is based on the WIND solar wind
measurements (dashed lines) in Figure 2 and the vac-
uum dipole �eld for the magnetopause. The three ad-
justable parameters are 0, 0.87, and 1. Namely, the
time shift to the earth is the same as that obtained
by dividing the distance to WIND along the sun-earth
line by the solar wind speed, the stando� distance is 13
% closer to the earth than the dipole �eld model pre-
diction, and the magnetosheath thickness is the same
as that predicted by gas dynamics but using the mag-
netosonic Mach number to replace the Mach number
in gas dynamics. The GDCF model does not predict
magnetospheric values, which have been set to be zero
for the �eld and velocity. Consistent with observations,
the �rst magnetopause crossing occurred near 0540 UT
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when the predicted �eld and measured �eld start cor-
relating. However the model predicts a few multiple
crossings which were not observed. As we discussed
in the introduction, the GDCF model prediction pro-
vides a reference for the draped magnetosheath �eld
under the assumptions discussed in detail by Song et al.
[1999a]. The most important assumption to this part
of the discussion is that the solar wind is uniform in
a plane that intersects the sun-earth line. If the so-
lar wind contains large-amplitude small-spatial-scale ir-
regularities, it is not necessary that the model predic-
tions represent the draped magnetosheath �eld. One
may assume that when the observed �eld is very dif-
ferent from the predicted �eld in Figure 3, allowing
for small adjustments in the timing, the satellite is in
the magnetosphere or magnetopause current layer. In
fact, we have made a few runs using smaller magne-
topause distance factors, in order to provide the mag-
netosheath draped �eld without interruptions by the
predicted magnetopause crossings. The correlation be-
tween the observation and prediction becomes poor at
about 0600 UT, indicating that POLAR moved into the
magnetopause and magnetosphere. From 0610 to 0650
UT, the satellite was in the magnetosphere because the
observed �eld is nearly opposite to the prediction and
is in the direction of, and with a similar strength to,
the magnetospheric �eld. The model predicts a thin-
ner magnetosheath than observed, as indicated by the
longer duration of the predicted but not observed solar
wind encounter and earlier predicted bow shock cross-
ing. The predicted solar wind intervals are most easily
identi�ed by the lower temperature and large negative
velocities. In fact we made runs with larger temper-
ature factors which show better agreements with the
observed bow shock crossings. We decide not to show
these results because when using the Shue et al. [1998]
model or using the ACE solar wind measurements, the
thickness of the magnetosheath does not seem to be
a major concern. Nevertheless, the observed and pre-
dicted �elds show a relatively good correlation most of
time. One exception is from 0750 to 0810 UT when
the observation is somewhat di�erent from the predic-
tion. As we will show later in the paper, during this
interval, POLAR was most likely to be in the magne-
tosphere or its boundary layers. The most interesting
interval is from 0700 to 0720 UT. The observed �eld is
nearly opposite to the predicted �eld and is in a simi-
lar direction to the magnetospheric �eld. Based on this
run alone, one might conclude that POLAR was in the
magnetosphere during this interval. However, as will be
shown later, when using the ACE solar wind measure-

ments and when examining the particle measurements,
POLAR was most likely to be in the magnetosheath
during the interval because the IMF direction measured
by ACE is quite di�erent from that measured by WIND
as marked in Figure 2. The model predicts that PO-
LAR was in the magnetosheath for times between 0610
UT and 0640UT but observations show that POLAR
was in the magnetosphere. One can in principle further
reduce the size of the magnetosphere using a smaller
value of the magnetosphere size parameter. However,
doing this will worsen the prediction of the bow shock
location as well as the agreement with observations in
the interval near 0800 UT when POLAR was in the
magnetopause/boundary layer region.

Figure 4 compares the observations with GDCF
model predictions based on the ACE solar wind mea-
surements and with a vacuum dipole �eld model for the
stando� distance similar to Figure 3. A time shift of 4
min is added to the simple convection time; namely, the
solar wind needs to arrive later when using ACE for this
event. This 4-min di�erence can be understood from
Figure 2. The solar wind density structures arrived at
ACE about 6 to 8 min earlier than at WIND. The dis-
tance in the x direction from ACE to WIND is 13 RE ,
or 2 min which is already included in the model. The
observed magnetopause stando� distance is again 13 %
smaller than that predicted by a vacuum dipole mag-
netospheric �eld. Using the ACE solar wind measure-
ments, clear improvement can be found in the locations
of the bow shock and maybe the magnetopause. The
broader region of magnetospheric �eld prediction by the
model around 0630 UT and the bow shock location are
both in better agreement with the observations. Fur-
thermore, the predicted bow shock crossings near 0738
UT are improved slightly although the exact timings
are not accurate. One is also able to see that the pre-
dicted magnetosheath draping �eld matches well with
the observations from 0700 to 0720 UT, indicating that
POLAR was in the magnetosheath during this interval.
Here we recall that according to the WIND prediction,
during the interval around 0710 UT, the draped magne-
tosheath �eld is quite di�erent from the observed one.
Therefore, this interval becomes important to test the
model predictions and to decide which solar wind mon-
itor is most likely to provide the upstream conditions
that actually reached the magnetosheath at this time.

Figure 5 shows the GDCF predictions using WIND
solar wind measurements and the Shue et al. [1998]
model to determine the magnetopause stando� dis-
tance. The observed stando� distance is reduced by
only 1 % from the Shue et al. [1998] model, indicating
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Figure 4. Comparison of the POLAR measurements
and the model predictions using the ACE solar wind
data and a vacuum dipole �eld model in the same for-
mat as Figure 3. The three adjustable parameters are
4, 0.87, and 1.

that the Shue et al. [1998] model signi�cantly improves
the prediction of the magnetopause stando� location.
No other adjustments are made. Compared with Fig-
ure 3, signi�cant improvement is made in the predicted
magnetopause and bow shock locations although nei-
ther is accurate. The prediction of the �eld is also
somewhat better, for example, see By from 0810 to 0850
UT. Compared with Figure 4, the prediction during the
interval around 0710 UT remains quite di�erent from
that predicted using the ACE solar wind measurements.
However, Figure 5 shows nicely the agreement between
the predicted and observed brief solar wind encounter
near 0738 UT. Actually the timing and the duration of
this pair of bow shock crossings are in the best agree-
ment with observations among the four models we have
examined. In addition, an interesting feature occurs
near 0800 UT when the prediction indicates multiple
magnetopause crossings. This interval will be taken as
another critical interval in the evaluation.

The predictions using ACE solar wind measurements
and the Shue et al. [1998] model are shown in Figure 6.
The additional time shift is again 4 min and the stand-
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Figure 5. Comparison of the POLAR measurements
and the model predictions using the WIND solar wind
data and Shue et al. [1998] model in the same format as
Figure 3. The three adjustable parameters are 0, 0.99,
and 1.

o� distance is 5 % smaller than the Shue et al. [1998]
model. Compared with Figure 5, the magnetopause
location prediction is slightly better. Near 0800 UT,
magnetopause crossings are predicted. The timing of
the solar wind variations after 0920 UT is better than
Figure 5 but may not be as good as Figure 4. >From
0810 to 0850 UT, Figure 5 is better. The �eld direc-
tion for the solar wind period near 0738 UT is predicted
more accurately than other methods, but there is an ad-
ditional solar wind period near 0731 UT, which is not
recorded in observations. In addition, there is a solar
wind period predicted near 0700 UT, which is consis-
tent with the POLAR magnetic �eld measured slightly
earlier. As will be seen in the next section, particle
measurements do not seem to support this prediction.

4. Particle Observations

To identify regions from POLAR observations is
not trivial for this event because of the rapid large-
amplitude changes in the solar wind and IMF and the
rapid motions of the magnetopause and bow shock. In
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Figure 6. Comparison of the POLAR measurements
and the model predictions using the WIND solar wind
data and the Shue et al. [1998] model in the same for-
mat as Figure 3. The three adjustable parameters are
4, 0.95, and 1. In addition, the identi�cation of re-
gions in consideration of both model prediction and in
situ observations is shown in the horizontal bars. Solid
(shaded) bars indicate the periods of the magnetosphere
(solar wind). The open bars, however, indicate either
the magnetosheath or magnetopause current layer.

particular, there are periods when the magnetic �eld
was in the direction of the magnetospheric �eld and had
a relative large magnitude, and when the predictions
depend on the solar wind monitor and magnetopause
model used. We use here measurements from POLAR
ion instruments (TIDE, TIMAS, and HYDRA) to help
in region identi�cation. Detailed inspections of the par-
ticle distribution functions are used as diagnostics of the
plasma population.

4.1. Instruments

TIDE [Moore et al., 1995] was designed to provide
full 3- dimensional (3-D) ion composition measurements
from 0 to 500 eV. The major advantages of TIDE
to our study are its high sensitivity and the ability
to detect extremely low energy ion particles. We re-
call that all particle instruments previously used in

magnetopause/boundary layer/magnetosheath studies
had relatively high lower-cuto� energies. For example,
ISEE-FPE's lower-cuto� energy is 75 eV. The lower-
cuto� energy for AMPTE/IRM was 20 eV while the
distribution data was available only with a much lower
time resolution. Therefore, the particle distributions in
the range of eV to 10s of eV are largely unknown. TIDE
provides the �rst opportunity to study eV to 10s of eV
ions in this region. Although TIDE was originally de-
signed to measure di�erent species, the mass resolution
sensors failed a few months after the launch and only
2-D measurements were transmitted after that. The
time resolution of the 2-D measurements is a spin pe-
riod which is 6 sec. The moments measurements shown
in Figures 3 to 6 have been averaged to 1 min. The
higher-cuto� energy, 500 eV, of TIDE limits the study
to the ionospheric population and to the low energy por-
tion of the magnetosheath plasma and magnetospheric
population.

The Toroidal Imaging Mass-Angle Spectrograph
(TIMAS) [Shelley et al., 1995] on the Polar spacecraft
can obtain full energy/pitch angle distributions for four
ion species simultaneously (H+, He++, He+ and O+).
TIMAS covers the energy range from 16 eV/e to 33
keV/e and provides a 98% coverage of the unit sphere
during its 6-second spin period.

HYDRA [Scudder et al., 1995] covers the energy
range from 20eV to 20keV for ions (no composition).
This measures the bulk of the magnetosheath popula-
tions.

4.2. Distribution Functions

Plate 1 shows the ion energy spectra from TIMAS,
HYDRA and TIDE. The bulk of the magnetosheath
population appears as an enhancement in the keV
range. The bottom panel of Plate 1 shows 
ux as a func-
tion of the retarded potential measured by TIDE. The
retarded potential is proportional to the energy if the
satellite potential remains the same, versus time. The
instrument did not start formal operation until 0640
UT. Because the TIDE instrument covers a very dif-
ferent energy range from instruments used in previous
magnetopause/magnetosheath studies, the morphology
of particle distribution functions at this energy range
at each of the regions near the magnetopause and in
the magnetosheath are not immediately clear. We need
to utilize the knowledge acquired previously from other
energy ranges along with the location predicted by the
GDCF model to gradually understand each population,
its origins and its functions. By carefully examining
the distribution functions measured during the event,



POLAR observation model predictions during May 4, 1998, event 9

Plate 1. Spectrograms of ion energy 
ux from TIMAS, HYDRA, and TIDE during the May 4, 1998, event. The white
bars in the bottom panel indicated the magnetosphere and boundary layer intervals.

Plate 2. Two types of distribution functions seen during the May 4 by TIDE, 1998 event. The distribution shown in the
left (right) panel is from the region identi�ed as the magnetosphere (magnetosheath). The distribution function is measured
in the satellite spin plane which is about in the 1100 local time meridian plane.

we have been able to identify three fundamentally dif-
ferent types of distributions. Two of them are shown
in Plate 2. The left panel shows the distribution from
the region identi�ed as the magnetosphere according to
the GDCF model, the magnetometer and particle mea-
surements. The characteristic of this distribution func-
tion is the enhancement at the lowest energies and the
void at higher energies. The ionosphere could be one
source of ions [Peterson et al., 1982]. Because the �eld

is stronger at the ionosphere than at the dayside magne-
topause, one would expect the ionospheric population
to have a larger parallel temperature when observed
at the dayside magnetopause. However, the tempera-
ture anisotropy is mostly perpendicular to the magnetic
�eld, indicating that these ions are not moving along
the geomagnetic �eld from the ionosphere. Cold mag-
netospheric ions drifted from the nightside are another
possible source. The origin of this population remains
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to be investigated. The right panel shows a distribu-
tion function from the region identi�ed as the mag-
netosheath. Clearly, this distribution is much warmer
with a subsonic speed. The 
ow is anti-sunward and
northward. It is consistent with our understanding
of the magnetosheath plasma 
ow when POLAR was
above the equator. The measurements made during the
solar wind intervals are quite distinct. However the in-
strument responses under such plasma conditions are
not well understood and the data are not shown here.

The top panel of Plate 1 shows H+ 
ux measure-
ments by TIMAS. High count rates during the event
drive the TIMAS detector into a nonlinear response
range. However, this occurs only for events with very
high count rates and for the energy range below 1
keV/e where the most intense 
uxes are found. Fur-
thermore, this nonlinearity is correctable by software
and work is in progress to implement those modi�ca-
tions. The current software automatically suppresses
periods where a nonlinear response occurs resulting in
gaps in the TIMAS 
ux panel. These gaps clearly
mark periods with exceptional high 
ux like the mag-
netosheath or cusp regions during the event. Most of
the TIMAS data represent 
ux measurements in the
magnetosphere and boundary layers with some brief en-
counter of the unshocked solar wind at about 07:37,
09:20 and 09:45 UT. While being in the magnetosheath
most of the time POLAR was close to the magnetopause
at around 08:00 UT. The TIMAS moments for that time
period show that the plasma velocity in the x direction
(GSE) dropped from about -200 km/sec in the mag-
netosheath to about zero. Three-dimensional cuts in
velocity space show distributions typical for the mag-
netosheath boundary layer (MSBL) and LLBL as ob-
served earlier by Fuselier et al. [1997].

The middle panel of Plate 1 shows the ion 
ux mea-
sured by HYDRA. The magnetosheath regions are iden-
ti�ed with the enhancements in keV ions. The 
uxes
decreased signi�cantly in the boundary layer regions.
There are sharp drop-outs during the solar wind inter-
vals.

Because the gyroradius varies with species and en-
ergy, the boundaries drawn from each instrument may
di�er. The identi�cation of regions to be discussed in
section 3.4 is based on the synthesis of these measure-
ments.

4.3. Moment Estimates

To measure plasma moments, a detector needs to
cover the majority of the phase space distribution of
the plasma. While the moments from HYDRA are not

available, TIDE covers only a small portion of the phase
space. However, we have developed a method to de-
rive the moments based on the �nite energy coverage
and the approximation of the plasma distributions be-
ing Maxwellian. We assume a convective Maxwellian
distribution with a density N0, velocity V0, and tem-
perature T0. A detector with a higher-cuto� energy E0

measures a volume within a sphere in the phase space
with a radius of (2E0=mi)

1=2 where mi is the mass of
the particles. For a Maxwellian distribution, one can
extrapolate the population beyond this sphere. There-
fore, the moments of the plasma can be derived from
the measured portion within the sphere. The mathe-
matical expressions have been derived by Song et al.

[1997] who solved the reverse problem when an instru-
ment has a large lower-cuto� energy. Therefore, the
application to our problem is then to take the missed
population in Song et al. [1997] as the measured popula-
tion. Figure 7 shows the results for the TIDE measure-
ments. The density, velocity, temperature, and pres-
sure are calculated based on the population below 500
eV of a Maxwellian distribution. These quantities are
then normalized by the density, velocity, temperature,
and pressure, respectively, calculated from the whole
Maxwellian distribution. This is done as functions of
theoretical temperature and velocity. As we see from
the �gure, the moments derived by summation of the
distributions measured by TIDE will always underesti-
mate the true moments. (Here we recall that if an in-
strument does not measure particles of lowest energies
as usually is the case in magnetospheric particle instru-
ments, a quantity may be either over- or under- esti-
mated depending on the plasma conditions [Song et al.,
1997].) In general, when the temperature or velocity of
the plasma increases, the population that is measured
by TIDE decreases. When the temperature is greater
than 107 K (or 1000 eV) or when the velocity is greater
than 300 km/s, TIDE will measure only a small frac-
tion of the population and have a very large uncertainty.
The e�ect on the pressure is the largest and equals the
product of errors in the density and in the velocity. Here
we recalled that in the case when the lowest energy par-
ticles are not observed, the pressure has the least error.
The e�ect on the temperature is the same as that on
the velocity. As shown in Plate 2, the distribution func-
tion in the magnetosheath may be approximated by a
Maxwellian within the TIDE coverage. Therefore, our
application will be restricted to the magnetosheath re-
gion. Based on the prediction from the GDCF model,
the temperature of the magnetosheath plasma is about
500-1000 eV and the velocity about 200 km/s. The mo-
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ments measured by TIDE need to be multiplied by a
factor of 3-5. The observed values shown in Figures 3
to 6 have used a factor of 5 to scale the density, velocity,
and temperature. As can be seen in these �gures, these
values are in reasonable agreement with the predicted
values in the magnetosheath.
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Figure 7. E�ects of the higher cuto� energy of TIDE on
the moments measurements as functions of the temperature
and velocity of the plasma. The apparent moments are nor-
malized by the theoretical values.

4.4. Region Identi�cation

As we discussed in section 2, identifying the loca-
tion of the satellite, using the magnetic �eld alone, is
diÆcult for some periods, in particular when the �eld
is in a similar direction and magnitude to the magne-
tospheric one. Relying on plasma measurements alone
for identi�cation, on the other hand, may also be am-
biguous because there are several di�erent possible pro-
cesses depending on the satellite location relative to the
possible reconnection sites and because of the spatial-
temporal ambiguity. For example, the interpretation of
a particle feature near the magnetopause depends sig-
ni�cantly on the IMF orientation. When the IMF ro-
tates rapidly and frequently, the IMF conditions under
which the particle feature is observed can be ambiguous.
Here we recall that the solar wind arrival time cannot
be handled accurately without using the sheath mag-
netic �eld measurements. The satellite location within
the boundary layer during this event is particularly dif-
�cult to determine because the variations are rapid and,
more importantly, the measurements from the two so-
lar wind monitors are di�erent sometimes. The GDCF
model prediction provides an additional constraint to
further reduce the uncertainty in the solar wind tim-
ing. We synthesize the information obtained from both
�eld and particle measurements and the model predic-
tions. We compare the predicted draped sheath �eld
with the observed �eld and take into consideration the
predicted location of POLAR, which will be discussed
in the next section. The solar wind periods can be iden-
ti�ed unambiguously from TIDE particle measurements
because the solar wind distribution is out of the range
of the TIDE coverage. TIDE covers only the low en-
ergy range of the magnetosheath and magnetospheric
particles. The magnetosheath population can be iden-
ti�ed with a relatively broad distribution. Because of
the �nite energy coverage, however, when the solar wind
density changes with very large amplitude, using TIDE
alone, there is a possible ambiguity in distinguishing
the regions with denser cold plasma during low solar
wind density periods from the regions of warm plas-
mas during enhanced solar wind density. HYDRA was
best situated to measure the magnetosheath popula-
tion. TIMAS covers well the high-energy portion of
the distributions and is sensitive to the magnetospheric
population. Ambiguity occurs in the vicinity of the
magnetopause boundary layer. We examine the details
of the distribution functions in these regions to make
our identi�cations.

We identify the regions during this event and use
the bar coding in Figure 6 to show the identi�cation.
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Here we remark that the �eld in the magnetopause cur-
rent layer can be either similar to, or di�erent from,
the draped sheath �eld. POLAR was in the magne-
tosphere before 0540, and reentered it between 0615
and 0648 UT. There are transient signatures near 0545
UT and near 0645 UT which are most likely associated
with partial magnetopause crossings. POLAR moved
into the solar wind between 0736 and 0738 UT. Near
0733:40 UT, the signatures indicate partial bow shock
crossings. The signatures near 0800 UT are very inter-
esting and most diÆcult to identify. The magnetome-
ter measurements indicate POLAR was in the magne-
topause current layer or magnetospheric �eld from 0750
to 0755 UT and near 0805 UT. TIDE measurements
indicate that the particles are most likely of magne-
tosheath type. TIMAS measurements show particles
of cusp characteristics. Therefore, POLAR was most
likely to be near the magnetopause current layer or the
LLBL. POLAR encountered the solar wind brie
y near
0920 UT and entered the solar wind after 0939 UT.

5. Location of POLAR

The location of the satellite relative to the magne-
topause and bow shock is most critically dependent on
the magnetopause model. The thickness of the magne-
tosheath is proportional to the magnetopause stando�
distance [Petrinec and Russell , 1995] and depends on
the solar wind magnetosonic Mach number. When the
Mach number is large as is typical of the solar wind, the
Mach number dependence is very weak.

Figures 8 and 9 show the magnetopause distance, the
thickness of the magnetosheath and the relative location
of POLAR from the magnetopause to the bow shock
using the WIND and ACE solar wind measurements,
respectively. All quantities are derived in the direc-
tion from the earth to the satellite. The solid (dashed)
lines show the results using the vacuum dipole �eld
(Shue et al. [1998]) magnetopause model. The di�er-
ences in the magnetopause distance variations between
the solid and dashed line in the top panel of each �g-
ure are caused mainly by the IMF BZ e�ect, and are
bigger during southward IMF periods. The solid lines
contain only e�ects of the dynamic pressure. The mag-
netosheath thickness is well correlated with the magne-
topause distance. This is because in gas dynamics, the
magnetosheath thickness is proportional to the stando�
distance. The magnetosheath thickness also depends on
the Mach number. In our model calculation, the Mach
number used is the magnetosonic Mach number. There-
fore the strength of the magnetic �eld also a�ects the
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Figure 8. Predictions of the distance of the magne-
topause, thickness of the magnetosheath and the dis-
tance from the magnetopause to POLAR normalized
by the magnetosheath thickness. The predictions are
based on WIND solar wind measurements and use the
same parameters as in Figures 3 and 5. Solid (dashed)
lines are predicted using a vacuum dipole �eld (Shue
et al. [1998]) model. All quantities are evaluated along
the direction from the Earth to POLAR. In the normal-
ized distance, the magnetopause is at zero and the bow
shock is at 1. The bar coding indicates the location of
POLAR in the format as in Figure 6.

thickness of the magnetosheath, but to a lesser degree.

In the course of this investigation, we have made
many runs using di�erent sets of parameters. When
using a smaller size of the magnetosphere, the model
provides the draped magnetosheath �eld, which can be
used to compare with the observations and to distin-
guish magnetospheric periods frommagnetosheath peri-
ods. A major advantage of our method is that the mag-
netopause and bow shock motions and magnetosheath

uctuations can be traced back in the solar wind. In
the following we summarize our understanding of the
event based on these runs.

The �rst magnetopause crossing at 0540 UT was trig-
gered by the density enhancement near 0510 UT, in
Figure 2. Here we note that although the IMF turned
southward 8 min earlier with a very large strength,
the southward IMF alone did not cause enough mag-
netopause erosion for a POLAR magnetopause cross-
ing. The second magnetopause crossing, when POLAR
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Figure 9. Predictions of the distance of the magne-
topause, thickness of the magnetosheath and POLAR
location in the same format as Figure 8. The predic-
tions are based on ACE solar wind measurements.

moved back into the magnetosphere, was caused by the
drop in the solar wind density. The predictions made
from WIND data have very large errors in timing of
the �rst density enhancement although they are good
in other features later. Therefore the solar wind seen
near the earth is more likely to come from the ACE
location. POLAR moved back into the magnetosphere
near 0600 UT, when it was in the magnetopause current
layer. The location of POLAR during the �rst magne-
tosheath encounter would be best represented by the
Shue et al. [1998] model using ACE upstream values.

The magnetopause crossing at 0650 UT was caused
by the secondary peak in the solar wind density near
0620 UT. As we discussed earlier, the ACE and WIND
measurements have a major di�erence in BZ during this
magnetospheric interval. Based on POLAR measure-
ments, the solar wind seen near the earth is again most
likely to come from the ACE location. For the magne-
tospheric interval, the vacuum dipole �eld model with
an additional time shift of zero rather than 4 min, seems
to do a better job because it predicts that POLAR does
not move into the sheath very far. Here we recall that
purpose of the time shift is to align the predicted �eld
variations with observed ones. The Shue et al. [1998]
model predicts a large amplitude magnetopause motion
which does not seem to be observed. Di�erent polarities
of IMF Bz are measured by the two solar wind moni-
tors during the secondary density peak near 0620-0630

UT. Note that the timing and duration of this feature
in the magnetic �eld are similar at the two monitors.
However, the arrival times of the density enhancement
at the two locations di�er by 5 min. ACE measured a
negative BZ and WIND measured a positive BZ dur-
ing the density peak. This di�erence cannot be resolved
using the magnetosheath �eld measurements because of
the rapid reversals of the �eld near the feature. Only the
Shue et al. [1998] model, using ACE data, predicts bow
shock crossings during the interval, but the POLAR
plasma measurements do not support this possibility.

The biggest solar wind density enhancements oc-
curred near 0700 UT. The timing and shape of the
enhancements are di�erent as recorded by the two so-
lar wind monitors. The last peak in the density in
each monitor is responsible for the bow shock crossings
near 0738 UT by POLAR. All four methods predict so-
lar wind encounters although the details are di�erent.
Overall, the Shue et al. [1998] model using WIND data
seems to provide the best prediction surrounding this
interval. Notice that the predictions using the WIND
solar wind measurements are generally better than that
using ACE after 0720 UT, indicating that after 0720 UT
(sheath time) the solar wind was more likely to come
from WIND.

The magnetopause/boundary layer encounter near
0800 UT by POLAR was due to the solar wind velocity
drop near 0720-0730 UT, following decrease to more
normal values. There are a few data gaps in the ACE
data. Nevertheless, all methods predict that POLAR
was very close to the magnetopause and some predict
magnetopause crossings.

After 0750 UT (sheath time), the solar wind dynamic
pressure increased more gradually, which caused the
magnetopause and bow shock to move inward, while
POLAR continued its outbound path. The POLAR
bow shock crossings near 0920 UT were triggered by a
small solar wind velocity peak in WIND data near 0810
UT, which was not observed by ACE, in Figure 2. How-
ever, based on WIND measurements, there should have
been a few more bow shock crossings before the main
crossing at 0950 UT. The POLAR observations for the
interval from 0810 to 0950 UT would be best predicted
by the vacuum dipole �eld using the WIND data if the
magnetosheath is 40 % thicker (not shown).

6. Discussion

We have provided detailed analysis of the event dur-
ing which the POLAR satellite crossed the dayside mag-
netopause and then the bow shock for the �rst time,
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on May 4, 1998. Both WIND and ACE were more
than 200 RE upstream in the solar wind. Although
they were separated by only about 50 RE in the direc-
tion perpendicular to the solar wind, they sometimes
observed signi�cantly di�erent solar wind features or
di�erent forms of the same features. Both solar wind
and IMF were highly perturbed during the event. The
temporal and spatial variations in the solar wind make
the studies of this event extremely challenging. Fur-
thermore, the solar wind variations caused the mag-
netopause and bow shock to move rapidly over large
distances; making interpretation of the POLAR mea-
surements near the magnetopause/boundary layer and
in the magnetosheath even more diÆcult. However, this
provides us a rare opportunity to test our understand-
ing and prediction capability of the magnetopause and
magnetosheath. We use the GDCF model to predict the
magnetosheath reference quantities and the POLAR lo-
cation relative to the magnetopause and bow shock. We
have performed such predictions using both the ACE
and WIND solar wind measurements and both a dipole
�eld and an empirical magnetopause model. The model
predictions provide: (1) a solar wind arrival time that
varies with the solar wind speed, (2) reference values
of magnetosheath quantities with a known systematic
formalism, and (3) the changing location of POLAR
with respect to the magnetopause and bow shock as
the solar wind and IMF vary. Although the model pre-
diction is not completely self-consistent, it is system-
atically conducted throughout the event. When com-
paring the predictions with observations, the ambiguity
in the interpretation of the observations can be signif-
icantly reduced. Using this method, observed features
in the magnetosheath and near the magnetopause can
be traced back to the solar wind. This analysis provides
a baseline for other POLAR studies of this event.

The TIDE instrument provides the measurements in
the dayside region from the solar wind to the magneto-
sphere. These measurements cover the low energy range
of the plasma which has not been studied previously.
The magnetospheric population contains a very cold
component the temperature of which is much higher in
the direction perpendicular to the magnetic �eld during
the event. The source of this component is not imme-
diately clear and remains to be investigated. Since this
event was produced by some unusual upstream condi-
tions when POLAR was very close to the earth, the
cold plasma was actually observed at a small radial dis-
tance. It is not clear from this case alone whether this
population is associated with processes that occur under
this extreme solar wind condition or if this is a popula-

tion commonly present at small radial distances. As the
apogee of the POLAR orbit drifts down to low latitudes,
TIDE will have more opportunities to sample the day-
side magnetopause and outer magnetospheric regions
under various upstream conditions. We will then be
able to assess the conditions for the presence of such
a population. Although TIDE with its limited energy
coverage samples only a small portion of the magne-
tosheath distribution, we have developed and demon-
strated a technique that can extrapolate from the ob-
served population to derive the plasma moments in the
magnetosheath.

To assess the performance of a model is not a sim-
ple task. There are two major criteria, accurate pre-
diction of the large temporal scale magnetopause-bow
shock locations and of their small temporal scale varia-
tions. This whole event lasted about 7 hours. We have
discussed in detail the �rst part of the event. If one
looks at the overall prediction throughout the 7-hour
interval, the Shue et al. [1998] magnetopause model per-
forms better than the vacuum dipole �eld model. Using
the vacuum dipole model, the stando� distance of the
magnetopause needs to be signi�cantly smaller than the
model prediction. It is slightly bigger at the early times
than in the later times (which are not shown in this pa-
per). Therefore a single constant magnetopause scale
factor is not suÆcient to describe the magnetopause
stando� distance for the 7 hours. The Shue et al.

[1998] model, on the other hand, handles the magne-
topause and bow shock locations reasonably well using
a single constant magnetopause scale factor through-
out the 7-hour period. However, if one looks into the
details of the predictions, the Shue et al. [1998] model
predicts some transient large spatial scale movements
of the magnetopause and bow shock, some of which
are not well supported by the POLAR observations, in
particular the three peaks from 0640 to 0710 UT in
the dashed line of the bottom panel of Figure 9. The
Shue et al. [1998] model predicts that when the IMF is
strong and southward, the magnetopause location will
move much further inward than observed during these
brief southward turnings. Meanwhile, because the ob-
stacle becomes smaller, the thickness of the sheath also
reduces. These two e�ects lead to outward motion of
the satellite in a frame of reference at rest to the mag-
netopause. Therefore, brief southward turnings result
in spikes in the normalized satellite location. However,
observations indicate that sometimes the magnetopause
does not seem to respond to the IMF changes at these
small time scales. The di�erences in the performance
of the models at di�erent time scales lead us to con-
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clude that the erosion of the magnetopause in response
to southward IMF does not take place instantaneously
and the preconditioning of the magnetosphere is impor-
tant in such responses. Improvements may be found in
the Shue et al. [1998] model predictions if the average
of the earlier IMF directions, say, 10 to 20 min before
the prediction time, is used.

This event also provides a unique opportunity to as-
sess the evolution of spatial variations. Although the
upstream conditions changed rapidly with large ampli-
tudes, there often exists very good correlation between
the predictions and magnetosheath observations. We
have shown in section 4 that one is able to trace back
most solar wind features and their in
uences on the
magnetopause and bow shock locations and the mag-
netosheath quantities. Previously, Song et al. [1999b]
documented a few other cases which coverd a variety
of solar wind conditions. The predictability shown in
these cases provides the justi�cation for using the so-
lar wind monitors at sun-earth liberation (L1) point to
forecast the upstream conditions for the magnetosphere.
We conclude that most of the time there are good cor-
relations between the solar wind at L1 point and in the
magnetosheath.

Sometimes the solar wind measured at a solar wind
monitor location does not propagate to the earth's en-
vironment or it can evolve signi�cantly from where it is
monitored. The di�erences between what is measured
by a solar wind monitor and what is expected at the
earth's magnetosphere can sometimes cause major dif-
ferences in the interpretation of the observations near
the earth. We should comment here that small-scale
large-amplitude solar wind structures do exist once in
a while. However most of the time the correlation be-
tween the solar wind monitors and the magnetosheath
observations is quite good. Therefore one should not
interpret a near earth observation solely based on the
unpredictability of solar wind conditions. One should
also avoid the other extreme to interpret an observa-
tion based on unphysical arguments in order to satisfy
the observed solar wind conditions. It is expected that
small-scale large-amplitude structures are more likely
to occur during highly disturbed days such as the May
4, 1998 event. In fact this is one of the largest disturbed
days on record.

7. Conclusions

We have made predictions of the magnetosheath and
bow shock under extreme solar wind conditions based
on the GDCF model. Two solar wind monitors and two

magnetopause models are used in the predictions. The
preditions are compared with the POLAR in situ obser-
vations. The vacuum dipole magnetic �eld model sig-
ni�cantly over-estimates the size of the magnetosphere.
When it is properly scaled, the model reasonably de-
scribes the magnetosphere responses to small time-scale
IMF 
uctuations. The empirical magnetopause model,
on the other hand, describes very well the magne-
topause location in time-sclaes greater than 20 min. It
has a tendency to over-estimate the magnetopause re-
sponses to brief southward turnings of the IMF. The
modi�ed GDCF model describes successfully the bow
shock location and the magnetosheath quantities. The
method used in the study provides a one-to-one corre-
lation between the solar wind features and the magne-
tosheath conditions as well as the magnetopause and
bow shock movement. The location of a satellite in
this region can be determined. During the event, the
two solar wind monitors occasionally observed quite dif-
ferent upstream conditions in short time-scales. The
conditions near the earth can be traced back to one of
the monitors. Which location better forecasts the near
earth environment may depond on the orientation and
evolution of the solar wind irregularities.

In connection with comparison of the model predic-
tion with observation, we developed a method to derive
the ion moments by extrapolating the distribution func-
tions beyond the higher-cuto� energy of the TIDE in-
strument. This technique remains to be further tested
in more events. The low energy particles measured by
TIDE represent a new energy regime which has not been
measured before in magnetopause studies. The magne-
tosheath low energy population appears to be the exten-
sion of the same plasma population observed at higher
energies. There is an enhanced 
ux at the lowest en-
ergies on the magnetospheric side of the magnetopause
boundary. This population has not been reported be-
fore in magnetopause studies. It has a much higher
temperature perpendicular to the magnetic �eld. The
origin of this population remains to be investigated.
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